1. The kinetic properties of the two most frequent conductance states of glycine receptor channels from somata of mouse spinal cord neurones in cell culture were investigated using the outside-out patch clamp technique. At low concentrations of glycine (0 5 R. E. TWYMAN AND R. L. MACDONALD histograms contained four exponential components for the main-conductance state and three exponential components for the sub-conductance state. Across concentration, the number of exponential components that were fitted was independent of the number of bursts in the histograms. The time constants did not vary significantly with concentration and were 0-78 + 0 11, 2-50 + 0-27, 9-14 + 1P17 and 28-2 + 5-5 ms for the main-conductance state and were 0-58 + 0A14, 4411 + 0X31 and 229 + 39 ms for the sub-conductance state. For both conductance states, the increase in burst duration with concentration was due to a relative shift from shorter duration bursts to longer duration bursts.
INTRODUCTION
The amino acid glycine, a major inhibitory neurotransmitter in the mammalian central nervous system, binds to glycine receptors to open chloride ion channels (Aprison & Werman, 1965; Werman, Davidoff & Aprison, 1967;  Young & Snyder, 1974 a, b; Barker & Ransom, 1978; Barker & McBurney, 1979; Gold & Martin, 1983; Betz & Becker, 1988) . The glycine receptor is composed of a large glycoprotein containing at least three polypeptide subunits (a, /, and y) of unknown stoichiometry (Pfeiffer, Graham & Betz, 1982; Becker, Hermans-Gorgmeyer, Schmitt & Betz, Bormann, Hamill & Sakmann, 1987; Smith, Zorec & McBurney, 1989) . In mouse spinal neurones, a 44 pS conductance state was the most frequent or mainconductance state, and the next frequent was a 30 pS sub-conductance state (Bormann et al. 1987) .
Although ligand-gated receptor channels might share similar properties, the kinetic mechanisms that underlie coupling of glycine receptor binding to ion channel opening and closing (gating) are unclear. In addition, the relationships between glycine receptor activation and the gating kinetics of channels with multiple conductance states have not been reported. Even though the conductance properties are different, it is possible that the mechanisms regulating the gating of each conductance state are similar. Since different conductance states can be resolved using single-channel patch clamp techniques, the kinetic properties of gating of different conductance states are amenable to analysis. We, therefore, have recorded single-channel currents from outside-out patches of mouse spinal cord neurones grown in cell culture to investigate the gating kinetic properties of the main-and subconductance states of glycine receptor channels. To study the gating kinetics, low concentrations of glycine (0-5, 1 and 2 JM) were used to activate and to minimize desensitization of the glycine receptor channel (Akaike & Kaneda, 1989) .
METHODS

Cell culture
To obtain spinal cord neurone cultures, timed pregnant mice were anaesthetized using CO2 narcosis and then their necks were fractured. The 12-to 14-day-old fetuses were removed and decapitated. The spinal cords were dissected from the fetuses and were mechanically dissociated to yield a single-cell suspension and grown in culture medium as described previously (Macdonald, Rogers & Twyman, 1989) . Cultures were maintained for 2-5 weeks prior to being used in these experiments.
Solutions
Thirty minutes prior to the first recording, the medium used to grow and maintain the cultures was exchanged for 2 ml of extracellular solution which consisted of the following (in mM): 142 NaCl, 8-1 KCl, 1 CaCl2, 6 MgCl2, 10 glucose, 10 HEPES (pH -7 4). The solution used in the micropipettes contained (in mM): 153 KCl, 1 MgCl2, 10 HEPES, 5 EGTA (pH -74). This combination of extracellular and micropipette solutions resulted in a chloride equilibrium potential (E,1) of about 0 mV and a potassium equilibrium potential (EK) of about -75 mV. All recordings were performed at room temperature (20-23°C).
Glycine and drug application A 1 mM-glycine (Sigma) stock solution in distilled water was prepared prior to experiments and frozen in 1 ml aliquots. The stock solution of glycine was diluted with extracellular solution to final concentrations of 0 5, 1 or 2 /SM on the day of each experiment. Strychnine (Sigma) was dissolved in external bathing solution at a concentration of 100 nm on the day of the experiment. Bicuculline (Sigma) was dissolved in dimethyl sulphoxide to a concentration of 10 mm. Serial dilutions in external bathing solution were made to a final concentration of 10 tM and used within 2 h of preparation. Glycine (0 5, 1 or 2 /tM), a mixture of glycine (1 uM) and strychnine (100 nM) or a mixture of glycine (1 ,UM) and bicuculline (19 #M) was applied to patches for at least 20 s by pressure ejection from micropipettes similar to that previously described (Macdonald et al. 1989 ).
Micropipettes were moved to within 10 /um of patches only during the time of each application.
Current recording
Recording micropipettes were constructed as described previously (Macdonald et al. 1989 ). Recordings were obtained using a model L/M EPC-7 amplifier (List Medical Instruments, Darmstadt). Single-channel currents were low-pass filtered (3 dB at 10 kHz, eight-pole Bessel filter, Frequency Devices, Haverhill, MA, USA) and simultaneously recorded on a video-cassette recording (VCR) system (Sony SL-2700) via a digital audio processor (Sony PCM-501ES, modified to 0-20 kHz, 14-bit/44 kHz sampling frequency) and on a chart recorder (Gould Inc.) using a lowpass (3 dB at 2 kHz), eight-pole Bessel filter interposed.
Single-channel current analysis
For the present study, data were accepted for analysis if only rare multiple openings (no evidence of three or more simultaneous openings) were detected during the application of glycine. If possible, all concentrations of glycine were applied to each patch prior to rupture of the patch or loss of channel activity.
For analysis, single-channel data were played back from the VCR system and digitized (20 kHz (50 ,ts/sample point), 14 bit, points/pA, Teemar A/D converter) for computer (80386 based processors) analysis with a low-pass (3 db at 2 kHz), eight-pole Bessel filter interposed. Singlechannel data were analysed by computer using locally written analysis programs. Channel amplitude distributions were determined prior to temporal analysis of channel current (Colquhoun & Sigworth, 1983; Macdonald et al. 1989) . To obtain an accurate estimate of channel amplitude (Colquhoun & Sigworth, 1983) , openings were constrained to be greater than twice the rise time of the low-pass filter (rise time = 170,us, determined empirically). Channel openings to three independent mean current amplitudes and their respective closings were reliably measured using the 50% threshold crossing method for each mean current amplitude (Colquhoun & Sigworth, 1983) . Data were analysed simultaneously for the three channel amplitudes in consecutive 50-100 ms segments. Channel detection was initiated by current deviation from baseline greater than 50% of the mean amplitude of each channel. To be accepted as a valid opening, the mean current following detection had to be within a specified window (approximately 15-2 standard deviations of the noise variance) above and below one of the three mean channel amplitudes. Channel The open and closed times reported in this study are observed times. Due to the presence of missed or unresolved events, the observed event times are greater than the true times (Colquhoun & Sigworth, 1983 (Blatz & Magleby, 1986) .
Analysis of closed times presented at least two additional difficulties. Since the data contained 306 KINETIC PROPERTIES OF GLYCINE C1-CHANANELS a small number of multiple simultaneous main-conductance state openings and openings to other conductance states, it was difficult to determine unambiguously which closed times represented main-conductance state closed times' or 'sub-conductance state closed times'. For the purposes of this study, closed times were analysed using three different assumptions. First, all closed times between all openings (multiple-, main-and sub-conductance states) were analysed. Secondly, it was assumed that closed times between main-conductance state openings were gated independently of other conductances. In this analysis, non-main-conductance state openings were counted as closures while periods containing multiple openings were rejected (deleted). Thirdly, it was assumed that closed times between sub-conductance state openings were gated independently of other conductance states.
Definition of bursts Bursts might be defined as openings or groups of openings separated by relatively long closed periods (Colquhoun & Sigworth, 1983) . For the purpose of this analysis, a critical closed time, tc, was chosen such that all openings separated by closures less than t, belonged within a burst, and bursts were separated bv closures greater than t,. Three t,s were calculated using the method of equal proportions for each of the three closed time definitions (Colquhoun & Sakmann, 1985; Macdonald et al. 1989 ).
Curve fitting and statistics Frequency histograms were binned to minimize bin promotion errors according to methods previously described (McManus, Blatz & Magleby, 1987; Macdonald et al. 1989) . Exponential curve fitting to determine the maximum likelihood estimates of time constants and areas (Colquhoun & Sigworth, 1983) was performed using locally written programs described previously (Macdonald et al. 1989 Twyman, Rogers & Macdonald, 1990 ; Stat Library, IMSL, Inc, Houston, TX, USA).
Error ranges for the estimates were calculated using maximum likelihood ranges (m = 2) which corresponded to about a 95 % confidence interval. The number of significant exponential components was determined by fitting with increasing numbers of exponentials until the x2 of the estimated fit and the data were within the 95 % confidence interval for accepting the null hypothesis (no difference between the estimated fit and data). Distributions of open, closed or burst durations were fitted over the same ranges for each concentration of glycine. Mean data are presented as mean+S.D. unless otherwise indicated.
RESULTS
Glycine receptor single-channel currents
Prior to glycine application, occasional brief spontaneous currents were recorded (Fig. 1 A) . Following application of glycine, bursting inward chloride currents were evoked in 89 % of patches (thirty-two of thirty-six patches). (Novak, Young & Macdonald, 1982) , had no effect on the single-channel currents evoked by glycine (1 pm; not shown). Responses evoked from a single patch were often reproducible and could be evoked for up to 90 min.
Occasionally, after repeated application, current activity decreased significantly or stopped for prolonged periods. Therefore, glycine receptor currents were accepted for analysis only if they were evoked reproducibly prior to patch break-down. All three glycine concentrations were applied to twenty-four of thirty-two patches prior to patch break-down.
At least four conductance levels were apparent, but only two conductance levels were resolved well in the single-channel records (Fig. 2B) Single-channel currents reversed at about 0 mV. Channel chord conductances from all patches (n = 36) were 42-4 + 3.5 and 27-5 + 2-3 pS for the high and low conductance states, respectively. Smaller conductances of about 19 and 12 pS apparent in the raw data traces were poorly resolved due to their small amplitude and low frequency of occurrence. Current amplitudes of the larger or main-conductance state and the smaller or sub-conductance state varied linearly with membrane potential and extrapolated to a reversal potential near 0 mV (Ec1) (not illustrated). In one patch, the current-voltage relationships of the main-conductance and sub-conductance states over the range of -100 to -25 mV were linear and had slope conductances of 44-6 (r = 0-96) and 28-7 (r = 0 97) pS. At potentials more positive than -25 mV, channel openings were poorly resolved or were contaminated by potassium currents.
For percentages of transitions of the main-conductance state to the sub-conductance state (without an observed closing) relative to detected main-conductance state openings were 058, 1-16 and 0-64% for 05, 1 and 2,uM-glycine, respectively. The percentages of transitions of the sub-conductance state to the main-conductance state (without an observed closure) relative to detected openings of the subconductance state were 2-02, 4-92 and 1-64% over the same concentration range. Assuming independent 42 and 27 pS channels and unobserved closures with durations less than twice the system dead time, the expected percentages of apparent mainconductance to sub-conductance state transitions were 0-0021, 0-0071 and 0-0250 % over the same glycine concentration range. The expected percentages for apparent sub-conductance to main-conductance state transitions were 00010, 00034 and 0 0112 %, respectively. The currents evoked by glycine varied with concentration (Figs 2, 3 and 4). At -75 mV, prior to the application of glycine, rare, brief spontaneously occurring currents were usually seen (Fig. IA) . With increasing concentration (0-5, 1 and 2 ,tM), glycine evoked an increasing frequency of openings and bursts with increasing complexity (Figs 2, 3 and 4). Average currents (the sum of the mean current amplitude of each of the openings times their duration and divided by the total agonist application duration) for the main-conductance state increased with concentration (0-5-2 /LM) from 29 to 105 fA (Table 1 ). In addition, average currents for the sub-conductance state increased over the same concentration range from 7 to 34 fA. To assess total average glycine receptor current, multiple simultaneous 310
.._ openings and openings to other conductance states were not rejected. KINETIC PROPERTIES OF GL YCINE Cl-CHANNELS 6) and 'long' closed times (Fig. 7) . The distribution of short closed times (Fig. 6 ) ranged from 0 3 to 30 0 ms in bins of 0-1 ms. Long closed times (Fig. 7) ranged from 5 to 1500 ms in bins of 5 ms. The short closed times determined by each method of analysis varied little as a function of concentration (Fig. 6A , B and C). The long closed time histograms showed a shift to shorter closed times as glycine concentration was increased (Fig. 7A , B and C).
Closed time frequency histograms were fitted best by multiple exponential components Three exponential components were required to fit best each of the short and long closed time frequency histograms. For each distribution, the exponential components with the shortest to the longest time constants were designated components 1, 2 and 3, respectively. For each closed time analysis method, components 1 and 2 in the short closed time distributions (Table 3 (A)) were similar at all concentrations (0 5, 1 and 2 JtM). In the short closed time distribution of the main-conductance state, the two shortest components (1 and 2) overlapped at each concentration and had mean time constants of 0 16+0-01 and 1-22 +0-35 ms, respectively. Similarly for the subconductance state, the two shortest components (1 and 2) of the short closed time distributions overlapped at each concentration and had mean time constants of 0-17+0-06 and 1-40+0-20 ms, respectively. As anticipated, the two shortest components in the short closed time distributions of all closings overlapped and were 0 16 + 0 03 and 1 15 + 0-21 ms, respectively. The time constant of the third component varied for the closings between main-conductance state and closings between subconductance state openings (Table 3(A) ). However, the third component in the distribution of closings between both conductance states decreased with concentration (0-5-2 /M) from 30 3 to 13-6 ms. The relative proportion of the components showed no consistent trend.
Time constants found in the long closed time frequency distributions varied with method of analysis (Table 3(B) ). In each method of closed time analysis, the first component time constants tended to decrease with increased glycine concentration. The first component was generally similar to the third component of the short closed time distribution at each concentration and method of analysis (compare T3 in Table  3 (A) to -r in Table 3 ) were placed into frequency histograms and were fitted with three exponential components. In A, closed times were between main-conductance state openings and were assumed to be independent of sub-conductance state openings. In B, closed times were between subconductance state openings and were assumed to be independent of main-conductance 
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showed no consistent trend and ranged from 70 to 92 ms for component 2 and ranged from 312 to 522 ms for component 3 (Table 3(B) ). The relative proportions of the components also showed no consistent trend. It should be noted that validity of the longer time constants is questionable since channel activity in a patch could not be proven to be due to a single glycine receptor channel. Also, the effect of possible receptor desensitization cannot be assessed at the present time. It is difficult to interpret the relative contribution of the exponential components between short and long closed times since currently we are unable to analyse the presence of several exponential time constants in data ranging over several orders of magnitude. However, since the frequency of occurrence of multiple channel openings remained similar at each concentration, the observed increase in opening frequency with glycine concentration suggests that there was an overall increase in proportion of short duration closures and/or a decrease in dwell times in long duration closed states.
Burst properties
Bursts were defined as one or more openings separated by closings greater than t,.
At both conductance levels, a value for tc was calculated for each closed time analysis method (see Methods). Since the two shortest time constants in the distributions of short closed times were concentration-invariant, a tc was determined between the second and the third time constants in the closed time distributions for each concentration and for each closed time analysis method. Due to the invariance of the first two components, the calculated tc varied little and a common tc was selected for both main-and sub-conductance state openings. The solutions resulted in a mean tc of 2-5 ms for both the main-and sub-conductance state openings.
As glycine concentration was increased, channel openings occurred more frequently in bursts (Figs 2, 3 and 4). As glycine concentration was increased (0 5-2 /IM), the frequency of bursts of both conductance states increased from 2 8 to 5.7 bursts per second. The mean interburst closed times decreased from 357 to 175 ms. The frequency of bursts of the main-conductance state increased from 1.5 to 2-5 bursts per second, and the mean interburst closed time decreased from 667 to 400 ms (Table 4) . Similarly for the sub-conductance state, the frequency of bursts increased from 1 3 to 3-2 bursts per second, and the mean interburst closed time decreased from 769 to 313 ms (Table 4) .
Mean burst duration increased with glycine concentration (0 5-2 pM) from 6-4 to 13-9 ms for the main-conductance state and 2 7 to 5-6 ms for the sub-conductance state (Table 4) . When corrected (see Table 4 legend), mean burst duration increased from 6 7 to 13 4 ms for the main-conductance state and from 3 6 to 7-8 ms for the subconductance state as glycine concentration was increased. Mean burst durations for each conductance state were stationary and varied little (0-7 + 7 3 %) when the data at each concentration were divided into twelve consecutive 5 s periods and analysed from the start of glycine application. For all bursts, the mean percentage of time state openings. In C, closed times were between both main-and sub-conductance state openings. Short closed times for glycine at 05 (a), 1 (b) and 2 (c) UM were put into 0-1 ms bins and displayed for clarity over a range from 0 3 to 8 ms. Histograms were normalized and overlaid. Curves were drawn according to the fits (see text and Table 3 ). Closed time (ms) Fig. 7 . Long closed times determined by three different methods (see text) were placed into frequency histograms and were fitted with three exponential components. In A, closed times were between main-conductance state openings and were assumed to be independent of sub-conductance state openings. In B, closed times were between subconductance state openings and were assumed to be independent of main-conductance state openings. In C, closed times were between both main-and sub-conductance state openings. Long closed times for 0 5 (a), 1 (b) and 2 (c) /LM-glycine were put into 5 ms bins and displayed for clarity over a range from 15 to 1000 ms. Histograms were normalized and overlaid. Curves were drawn according to the fits (see text and Table 3 ). (Fig. 8) . At each concentration, bursts of main-conductance state openings (Fig.8A) were generally longer than bursts of sub-conductance state openings (Fig. 8B ).
To determine the basis for the increased relative frequency of occurrence of longer bursts with increasing concentration of glycine, burst duration frequency histograms were fitted with multiple exponential components. For the main-conductance state, burst duration frequency histograms at all three glycine concentration were fitted Table 5 ). The numbers of bursts in the histograms at each concentration are the same as those provided in Table 4 . Components 1-4 averaged 0 78+0411, 2 50+0 27, 9x14+ 1P17 and 28-2+5-5 ms, respectively. As glycine concentration increased, the relative area of component 1 Time constants (j) and relative areas (ai) of exponential components fitted to burst duration frequency histograms (see Fig. 8 ) for the 42 pS main-conductance and 27 pS sub-conductance states evoked by glycine (0 5, 1 and 2,M). For the 42 pS main-conductance state, components 1-4 corresponded to the exponential components with the shortest to the longest time constants, respectively. For the 27 pS sub-conductance state, components 1-3 corresponded to the exponential components with the shortest to the longest time constants, respectively. Ranges in parentheses represent likelihood intervals (m = 2).
was reduced from 0 21 to 0-02, and the relative areas of components 2, 3 and 4 were increased from 0 79 to 098 (Table 5(B) ). For the sub-conductance state, the burst duration frequency histograms for all three glycine concentrations were fitted best with three exponential components. Components 1-3 represented exponential components with the shortest to the longest time constants (Table 5 ). The time constant of the three components varied little with glycine concentration. Components 1-3 averaged 058 + 014, 411 + 031 and 22-9 + 3 9 ms, respectively (Table 5 (A)). As glycine concentration increased, the relative area of component 1 decreased from 0 61 to 0-33, while the relative area of 322 KINETIC PROPERTIES OF GLYCINE C1-CHANNELS components 2 and 3 increased from 0 39 to 0-67 (Table 5 (B) ). Thus, increasing glycine concentration resulted in a shift in the burst duration frequency histogram to longer durations by reducing the relative proportion of shorter bursts and by increasing the relative proportion of longer bursts.
DISCUSSION
Conductance
At -75 mV in symmetrical chloride solutions, two predominant current amplitudes were evoked by glycine with average conductances of about 42 and 27 pS. The dominant or main-conductance level was 42 pS. The chord conductances of the main-and sub-conductance states were the same when evoked by glycine concentrations from 0 5 to 2 /M. Thus, the increased current produced by increased glycine concentration was due to an increase in the frequency of channel opening, a change in the relative occurrence of the main-and sub-conductance state and/or a change in the gating properties of the channel.
The conductances measured for mouse spinal cord neurones in culture were similar to those reported for glycine-gated single channels from other mammalian neurones Hamill et al. 1983; Bormann et al. 1987; Smith et al. 1989 ). The greater frequency of occurrence observed for the 42 pS state was also similar, but this difference has been disputed (Smith et al. 1989) . It has been suggested that since glycine and GABA activated channel openings to conductances that form a geometric progression, a receptor composed of a cluster of coupled, identical ionconducting pores was an unlikely explanation of multiple conductance states (Smith et al. 1989 ). Studies of hybrid Torpedo and bovine nACh receptor subunits and cloned subunits of the bovine brain GABAA receptor have shown that subunit composition might determine the predominant conductance state attained when the receptor is activated (Sakmann, Methfessel, Mishina, Takahashi, Takai, Kurasaki, Fukuda & Numa, 1985; Mishina, Takai, Imoto, Noda, Takahashi, Numa, Methfessel & Sakmann, 1986;  Moss, Smart, Porter, Nayeem, Devine, Stephenson, Macdonald & Barnard, 1990) . Nicotinic ACh receptors composed of 0C28i6 subunits have been reported to have a larger conductance and shorter mean channel open time than nACh receptors composed of 2flyo5 subunits (Mishina et al. 1986 ). GABAA receptors composed of al,j1 subunits have a smaller conductance and have a shorter mean channel open time than the native receptor which might be composed of a, , and y subunits (Prichett, Sontheimer, Shivers, Ymer, Kettenmann, Schofield & Seeburg, 1989; Moss et al. 1990 ). Since the glycine receptor channel might be formed by a pentamer of at least two different subunits of unknown stoichiometry (Langosch et al. 1988; Schmieden et al. 1989) , it is possible that the different conductance states evoked by glycine might represent different combinations of isoforms or physical configurations of the glycine receptor subunits.
Transitions from the 42 pS main-conductance state to the 27 pS sub-conductance state and from the 27 pS sub-conductance state to the 42 pS main-conductance state without an observed closing were observed. Transitions from the sub-conductance to the main-conductance state occurred approximately eight times more frequently than transition from the main-conductance state to the sub-conductance state. Over (Tolliver & Pellmar, 1988) . Further study, perhaps with cloned receptor subunits, is required to draw conclusions about glycine receptor subunit composition and channel kinetics.
Open properties
When patches were exposed to glycine at low concentrations (0 5 Evidence to date suggests that at least two and most likely three glycine molecules must be bound for complete activation of the mammalian glycine receptor (Young & Snyder, 1974b; Sakmann et al. 1983; Langosch et al. 1988; Smith et al. 1989; Schmieden et al. 1989 ). Whether or not a single bound state can produce channel opening remains unclear (Cull-Candy et al. 1981; Sine & Steinbach, 1984 Colquhoun & Sakmann, 1985) , but evidence from studies of nACh and GABAA receptor channels activated by low concentrations of agonist indicate that a singly liganded receptor might open briefly (Dionne, Steinbach & Stevens, 1978; Colquhoun & Sakmann, 1985; Jackson, 1988; Macdonald et al. 1989; Twyman et al. 1990 the longer open states were not directly connected or that the rates between them were very low. Thus, the observed increased current with glycine concentration was due to an increased probability of opening of both conductance states and opening of both conductance states to more stable, long duration open states. The majority of current evoked, however, was through the main-conductance state.
Notably, the main-and sub-conductance states differed for the behaviour of component 2 relative to component 3. For the main-conductance state, the relative proportion due to component 2 decreased compared to the proportion due to component 3 at the highest glycine concentration (2 SM). For the sub-conductance state, the proportions due to component 2 and 3 both increased by approximately the same amount (Table 2 ). This disparity suggests there might be a difference in the sequential binding of glycine to activate each conductance state.
The kinetic properties of the glycine receptor channel were similar to those found for the GABAA and nACh receptor channels. The nACh and GABAA receptors both appear to require binding of at least two agonist molecules for complete activation. Both receptor types demonstrate an increase in opening frequency and open duration when activated by low concentrations of agonist (Dionne et al. 1978; Takeda & Trautmann, 1984; Labarca, Montal, Lindstrom & Montal, 1985; Mathers, 1985; Colquhoun & Sakmann, 1985; Hestrin, Korenbrot & Maricq, 1987; Jackson, 1988; Macdonald et al. 1989; Twyman et al. 1990 ). Since the ac-subunit of the nACh receptor, the a-and f-subunits of the GABAA receptor and the ac-subunit of the glycine receptor have shown significant sequence similarity (Schofield et al. 1987) , it can be speculated that some of the similar amino acid domains of this receptor superfamily confer these general gating characteristics of ligand-gating receptor channels.
Closed properties
Glycine receptor channel closed properties also varied with concentration and with method of analysis. The time constants of the two shortest components were not significantly different whether the closures between openings were assumed to be dependent or independent of open conductance. Three longer closed dwell times were apparent suggesting that at least five closed time constants exist. It is difficult to assign the longer closed component time constants to specific closed states since it was not possible to record from patches which definitely contained a single glycine receptor channel and the effects of desensitization on long extraburst closed durations could not be controlled. Since opening frequency decreased over time, the longest component indeed might be an additional time constant due to the presence of desensitization or it may be due to the presence of one or more channels in the patch. However, since care was taken to include only recordings from patches which had minimal (less than 1-3%) occurrence of multiple openings, it is likely that multiple long closed states exist.
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The concentration invariance of the two shortest time constants suggests the presence of at least two brief closed states which probably occurred after glycine binding. The longer time constants varied with concentration, suggesting that the closed states that gave rise to these closed time constants occurred prior to the receptor becoming fully liganded. Concentration-invariant short closed time constants have also been observed in nACh receptors from clonal BC3H-1 cells (Sine & Steinbach, 1986 ) and GABAA receptors from mouse spinal cord neurones in culture (Macdonald et al. 1989) . For the GABAA receptor, analysis of intraburst kinetics revealed that two concentration-invariant closed time constants represented closed states located distal to open states (Twyman et al. 1990 ). Entry into these closed states occurred after binding of agonist and gating to an open state. Given the similarity of these ligand-gated receptors, the kinetic gating scheme for the brief closed states for glycine might be similar to the scheme for the GABAA receptor. The physical origin of these brief closed states is uncertain, but the closures might represent anions plugging the pore causing channel block or intrinsic relaxations of the channel protein causing brief interruptions of current flow (Sine & Steinbach, 1986; Lauger, 1988; Twyman et al. 1990 ). To further speculate on the location of glycine binding relative to closed states, more extensive analysis of intraburst kinetics is required and is beyond the scope of the present paper.
Burst properties
Similar to the nACh and GABAA receptors, low concentrations of glycine (0-5-2 /tM) evoked openings to each conductance state that were grouped into bursts Hamill et al. 1983; Colquhoun & Sakmann, 1985; Hestrin et al. 1987; Jaramillo & Schuetze, 1988; Macdonald et al. 1989 ). Both burst frequency and mean burst duration of both conductance states increased with glycine concentration, but the percentage open within a burst and the mean intraburst closed time did not vary with concentration. These burst properties were similar to those of the GABAA receptor channel and suggest that they were produced by fully bound glycine receptor channels and the open and closed states that produced bursts were distal to glycine-binding steps in a microscopic reaction scheme (Macdonald et al. 1989; Twyman et al. 1990) .
The presence of at least three open and two intraburst closed states indicated that frequency distributions of burst durations might contain a maximum of five exponential components for each conductance (Colquhoun & Hawkes, 1982) . However, only four predominant components for the main-conductance state and three components for the sub-conductance state were resolved. For both conductance states, an increase in mean burst duration with increased glycine concentration was achieved by a decrease in the relative proportion of bursts with short durations and an increase in the relative proportion of bursts with longer durations. For the mainconductance state, the briefest open component and the shortest burst duration component had similar time constants, and as glycine concentration increased, the relative frequency of the brief open component and short bursts decreased. Similar results were found for the sub-conductance state. Thus, it was likely that the short bursts were produced primarily by single openings of the brief open component. The longer time constants found in the burst duration histograms were greater than the KINETIC PROPERTIES OF GLYCJlNE C1-CHANNELS time constants found in the open time histograms. In addition, the relative proportion due to the two longest components in the burst duration histograms increased with increased glycine concentration similar to the two longest components of the open time histograms. Thus, the longer components in the burst duration histograms were produced primarily by groups of two or more openings to more stable. longer duration open components. Bursts of these openings occurred with greater frequency and higher probability relative to shorter duration bursts when the receptor was fully liganded. Further conclusions concerning burst properties would require a more detailed analysis of intraburst kinetics. However, the similarity in burst properties for both the main-and sub-conductance stages suggests that the mechanism for activation of bursts for both of these conductance states was similar. These changes in burst duration components with low concentrations of glycine are similar to those found for the GABAA receptor activated by low concentration of GABA (Macdonald et al. 1989) , and are consistent with a similar mechanism for gating of glycine and GABAA receptors.
Due to limited frequency response, the reported mean channel durations measured by fluctuation noise analysis of receptor currents probably represented bursts of openings. Using ionophoretically applied glycine on mouse spinal cord or sensory neurones, estimated channel durations ranged from 5 to 13 ms (Nicholl, Padjen & Barker, 1976; Barker, McBurney & MacDonald, 1982) . Although the variability in channel durations may be due to the unknown concentrations of glycine applied by ionophoresis, the reported results compare well to the mean burst durations evoked by low concentrations of glycine in the present study (Table 4) . As demonstrated by the present study, mean burst durations were dependent on glycine concentration, but the exponential time constants of burst durations did not change with concentration. The observed increase in mean burst durations was due to increases in relative proportions of exponential components with longer time constants.
Initial kinetic model
The durations of the observed channel open and closed times might be interpreted as sojourns in various states of a kinetic model represented by an unbound receptor, liganded receptor without channel opening and liganded receptor with channel opening (Colquhoun & Hawkes, 1982) . Since the open, closed and burst properties of the 42 pS main-conductance state were similar to those found for the nACh and GABAA receptor channels, the following preliminary scheme for the glycine receptor The above scheme is consistent with the observation that as glycine concentration increased, the proportion of state AR* decreased relative to states A2R* and A3R*. Also, the proportion of component 2 decreased relative to the proportion of component 3 as concentration was increased. This is consistent with the reaction scheme being driven further right to A3R* openings as glycine concentration was increased. A burst might occur between an open state and its associated closed state. However, bursts of openings involving the doubly or triply liganded states A2R* and A3R* would contribute the majority of current. This was suggested by the increase in relative proportion of long duration openings and bursts as concentration was increased. The kinetic scheme must be considered an initial working model which is likely to be incomplete. The model is testable however, and the similarities to the GABAA receptor noted above suggest that the gating scheme might be more complex (Macdonald et al. 1989; Twyman et al. 1990 ). Indeed, as has been found for the nACh and GABA receptors, the concentration invariance of brief closed time constants suggests the presence of closed states located distal to channel opening (Sine & Steinbach, 1986; Twyman et al. 1990 ). Currently, a distal closed state has not been firmly established, and therefore it was not incorporated into the above scheme.
Since activation properties of the 27 pS sub-conductance state are similar, the above scheme might be proposed also as a preliminary gating scheme for the glycine sub-conductance state. However, since there are suggestions that for the GABAA receptor different subunit compositions might open to similar but different predominant conductance states (Moss et al. 1990 ), an independent gating scheme for the glycine sub-conductance would not be unreasonable. Closing energies for GABA and glycine channels have been shown to be similar (Mathers & Barker, 1981) 
